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A 
C 
.. 
Delta wing semi-span length 
~ ' 
Phase speed1 
Frequency of oscillation 
Gage proportionality factor 
Total head1 
Circulation 1 
Velocity profile parameter of Wedemeyer [1983] 
Wave number 
Radial coordinate1 '2 
Delta wing thickness 
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Axial velocity 
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Radial coordinate 
Axial velocity 
Vortex breakdown location 
· Delta wing planform area 
. J.' 
• 
, Non-dimensional pitching rate, A=o:C/2U00 
·. Chord length 
C0 ,CL,CM Drag, lift, and pitching m~ment coefficients, 
repectively 
Potential lift coefficient and vortex lift coefficient, 
repectively3 
Non-dimensional velocity gradients2 
F n Normal force 
K Non-dimensional pitching rate, K=21rfC/U00 
, Calibration constant 
• Xl 
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.Kp,Kv Potentaland vortex lift parameters, ·respectively
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V 
Vz 
• 0 
/3 
V 
p 
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Lift force 
·· Distance between strain gages 
Resistance 
A~pect Ratio · 
Period 
.. 
Freestream velQcity 
Transducer voltage output with flow 
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Transducer voltage output wi~hout flow 
Angle of Attack 
· Spiral disturbance constant2 
Pitching rate 
Spiral disturbance constant2 
Strain 
Kinematic viscosity 
Fluid density 
Swirl angle · 
.. 
Spiral disturbance constant2 
Angular frequency1 
Delta wing leading-edge sweep angle 
Stream function 1 
? 
., 
Change in lift coefficient relative to static value 
Change in resistance 
·. 
Reynolds number base on chord length, .. 
Rec=CU 00 /v 
1 From the analysis ~f Benjamin Jn Liebovich [1984] 
: From the analysis of Ludweig in Wedemeyer [1983] . 
From Polhamus [1971] 
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ABSTRACT 
The normal force acting on a delta wing pitch,,rig about its. midchord ~s is 
investigated in a water channel~ A sting-mounted strain gage_ based transducer 
\, .. 
meas~res the unsteady lift and drag on the wing during ramp-type.pitching manuevers. 
· ... The objectives are ~quantify the lift augmentation possible during '~uch manuevers 
and to relate the aerodynamic effects to th·e physics of the vortex flow field, specifically 
the response of the vortex breakdown phenomenon. 
The dynamic lift curves are found to exhibit hysteresis with respect to tbe 
. 
. 
static lift characteristic throughout the range of motion. The degree of hysteresis. is 
found to be a function of both the non-dimensional pitch rate and the. range of motion 
of the manuever. Lift coefficients as high as 1.7 were obtained during the pitch-up 
i 
process for the highest pitching rate. This translates to a lift increase above the static 
value of nearly 40 percent. The undershoot during the pitch-down motion is .amplified 
if the wing is returning from a fully stalled state. 
The effect of pitching on vortex breakdown response only partially accounts for 
" 
the hysteresis in the dynamic lift and · drag. The phase lag in the vortex response 
relative to the wing motion is not apparent in the lift response. Also, t];ie possible roles 
of competing factors, including vortex development and large-scale flo~ separation, are 
suggested. 
·1 
·\, / 
'.·· .. 
-- :c_ .. _,.__;_. ___ -___ :___, ___ ~·--,' . --·-----·-----· __ ____,___ 
~----·-----
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. _.. -···· --- - ·- ·---·-- ··-·-·--···
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1. INTRODUCTIO·N 
As aerodynamicists ventured into t.he supersonic realm in the 1950's, the wings 
(j 
"i" 
they designed became slender and thin to minimize compressibility effects. However, 
. . 
with the new geometries came· new problems, primarily that of flow separation. Delta 
wings emerged to meet this challenge and have since become a dominant character{stic 
. 
of high speed - high manueverability aircraft. Along with widespread use came 
intensive investigation into the nature of the delta wing flow, field and its corresponding 
ae;rodynamic effects. This introduction will survey what researchers have learned thus 
far about the unique separated flow field over a delta wing focusing on current studies 
• 
pertaining to the pitching delta wing. Specifically addressed will be: (i) the 
deve7ment of the leading-edge vortex flow over the delta wing, (ii) the phenomenon 
of vortex breakdown and applicable stability concepts, (iii) the effect of pitching on 
vortex breakdown behavior, and (iv) the relationship between vortex breakdown 
location and the unsteady forces acting on a pitching delta wing. First, however, it is 
necessary to define the geometry of the delta wing and the nomenclature used to 
describe it. 
l.1 The Delta Wing 
A delta win-g (Figure 1.1) is triangular in. shape. The swept leading edges 
taper, at a sweep angle A, fr~m the apex of the triangle to the trailing edge. Typical 
delta wi~gs have no camber or twist and have a thickness, t, of about, one-twentieth of 
the chord length, C. Delta wings are classified ,according to aspect ratio, S = b
2 / A 
where b, the semi-span, is half the base span and A is the area of the planform. The 
aspect ~ratio is inversely proportional to the s~eep angle. The leading-edge may take. 
·. 
2 
- / 
" I I _·' ·' 
I / 
. -\:-{- -.: . j . 
. \·~:·· ·-·· -~-- ···-·-----~----. .....L.~----· - .. ,~:. · ... - --· ___ ·. -- ' ' -~-- ·_ - ·.~->-'----
• 
·• 
. ' 
/' 
. . 
. 
. . 
on various geometries, 
' 
though a sharp . edge is preferr~d since it provides · the most 
predictable separation line. Finally, the angle of atta~k, a, indicates the orien.tation o,f 
the wing with respect to the freestream direction. 
1.2 The Nature of the Flow Field 
In con~rast to traditional airfoils where attached flow is a design criterion, it 
• 
has long been established that large-scale leading-edge separation vortices doIQj:pp.~e the 
' 
delta win~ flow field. The two vortex structures arise from shed vottief ~y at the 
starboard and port side leading edges and. are characterized as vortex sheets spiraling 
inward about themselves (see Figure 1.2). At low to moderate angles of attack 
(0<15°) and zero yaw and roll, these wound she~r layers are nearly duplicate and . ( 
extend down the entire length of the wing. At some point downstream (for small a 
this point is beyond the trailing edge) the vortices undergo an abrupt transition known 
. 
as vortex breakdown or burst. During this process the jet-like vortex core becomes 
highly turbulent and -wake-like. As the angle of attack increases, the location of the 
vortex breakdown moves upstream eventually crossing the trailing-edge and proceeding 
over the wing towards the apex. The development of the leading-edge vortices and the 
event -of breakdown are the primary features of a delta wing flow and will be 
subsequently discussed in detail. 
. 
The development of the leading-edge vortices, as illustrated in Figure· 1.2, can 
be· described as follows. Consider a wing with sharp leading-edges inclined at some 
angle of attack relative to the freestream. The passing flow will first impinge on the 
underside of the wing and then turn outward toward the leading edges. The ·flow then 
• 
• 
• 
r 
proceeds up over the edge where, unable to negotiate the sharp turn, it separates. The 
separation line can be considered a vortex sheet composed of Kelvin-Hemholtz type 
3 
·• 
··J'' J .: 
- -
• ·-•--•·s<, ,O.- • - - -·. -••·,-· •- -··-------
----..
.:.• 
;'ct 
· .... .;."·- .. ·• 
. /~--
, . 
·1 . - ·-·-- -- - ----
! 
\ ' 
-
\ 
, 
' 
·-. 
. ~-
' 
' 
~ 
instabilities originating at the leading-edge. The separated vortex sheet ro1ls inward, as .'OP 
' ) . . 
.. $hown in Figure ·1.2, due to the presence. of a span:wise pressure gradient on the upper, 
. 
. 
. . 
- . 
,. 
surface. The inward ~piral motion combines with the streamwise 'velocity component.· . 
. )/ 
to produce the helical structure depicted. The opposing vorticity of the vortex formed 
' I 
on the other side of the wing fores the shear layer ,down .toward the·wing surface in the 
)· 
. 
, 
.. 
center span region where it encounters attached flow. A secondary vortex, with a 
rotation of the opposite sense, arises from boundary layer separation from the leeward 
side of the wing. Flow visualization by Carcaillet et al. [1986] and velocity contours by 
Payne et al. [1987] show the presence of tertiary vortices as well. Such lesser .Jvortices 
appear to smooth the, s'j:>anwise pressure distributions near the leading-edge. The shear 
layers of t~e primary and secondary vortices are also evident as regions of high velocity 
. 
fluctuation intensity as shown by Rockwell et al. [1987]. 
The development of the leading-edge vortices is of great significance since the 
circulation of these vortices influences the location of vortex burst and the lift 
generated by the wing. The strength of the vortices is a function of the sweep angle~ 
the leading-edge shape, and the flow Reynolds number. Payne et al. [1987] show that 
the size and strength of the vortices increases as the angle of attack is increased. This 
strengthening is ~sociated with higher axial velocities in the vortex core and produces 
greater suction on. the wing. The circumferential velocities in the vortex core can 
exceed the freestream velocity by a factor of three. ··· 
The effect of leading-edge shape on vortex burst location an.d lift is investigated 
by Kegelman and Roos [1989]. Their experiments indicate differences in the 
breakdown position for blunt and sharp edge wings although the ·extent of the effect is 
not clear. Arguably, the most significant conclusion is that for sharp edges, positive 
\ 
\, 
chalrifer (sharp edge windward) hinders th~ progression of bu,;,st up the wing. whereas 
4 
• 
. / 
:.: 
.. 
t,.:., 
.. 
' . 
. 
• 
'· 
. 
• 
. . 
-r ~ - ... 
/ 
. \ 
. ' 
,,! 
f ' 
negative chamfer promotes it. Corresponding lift curves suggest that· the lift is more _a 
-· , .. :/:) 
function of vortex strength, and thus the vortex feeding sheet initiating at separation~· 
. -
I . . . 
than of vortex burst position. Interestingly, this op·poses the widely accepted idea that · 
the vortex-induced .lift theorized by Polhamus [1971] is reduced due to breakdown and. 
the wing begins to stall. The authors restrict this argument to wings with sweep angle 
less than 10· above which the interaction between shear layers from the opposite sides • 
must also be considered. Certainly the leading edge shape plays an important role in 
. \• 
the formation of the vortices since it determines the amount of vorticity fed into the 
shear layer. 
'1.3 Vortex Breakdown on Delta Wings 
As mentioned earlier, the leading-edge separation vortices eventually undergo a 
sudden transformation highlighted by the stagnation of the vortex core. Lambourne 
and Bryer [1961] observed the occurence of two distinct forms or modes of vortex -
. 
breakdown. The first, the bubble or b-mode, is pictured on the port side of the wing of 
Figure 1.3. In this ~isymmetric mode the flow spreads over an oval recirculation zone. 
In the spiral or s-mode, shown on the starboard side, the vortex core suddenly kinks 
and begins to corkscrew downstream with increasing radius. Both modes occur over 
delta wings (as well as intermediate variations) though· the spiral form is more 
common. 
The vortex tube experi_ments of Harvey [1962] and others showed that vortex 
breakdown occurs when the swirl angle exceeds a critical value of about 45°. The swirl 
• 
angle is defined as 
where v is the swirl or azim u thaj velocity and u is the axial v~locity. As </> increases, 
·' 
' l 
,..-1 · 
1 
5 
.· i 
I 
' 
" . 
I • 
. I 
the position of vortex breakdown moves· upstream. The amoun_t of swirl ·is. also known 
to be relatecj to the breakdown mode -on delta ~ngs. As s·wirl angle increases, the 
breakdown proceeds from the spiral mode; through a bistable··· regime, to t.he .buqble 
mode. Sarpkaya [1974] found that an ,increase in the magnitude of an adverse pressure 
. 
. 
gradient near the vortex core is a nec~ssary condition for vortex breakdown. ·Increased 
swirl angle reduces the pressure ·gradient necessary for breakdown thereby forcing the 
. 
position. upstream. 
t) 
Although the swirl angle concept is generally accepted,. decades of investigation 
into the phenomenon of vortex breakdown has yet to reveal a universally accepted 
\ 
theory fully explaining the mechanism of the event. The debate is divided between two 
schools of thought: (i) explanations related to wave propagation and critical flow, and 
(ii) explanations based .on the presence of instability in the .approach flow. 
Theories pertaining to the· first rubric include the concept of critical flow with 
respect to wave propagation as described by Squire t1960]. The idea is analogous to 
shockwaves for supersonic gases and hydraulic jumps in open channel flows. Wavelets 
in the upstream or supercritical region can only travel downstream. Those beyond the 
critical point, in the post-breakdown or subcrit~ca.l region, can travel up and 
downstream. Squire postulated that waves in the subcritical region would tend to 
.~ propagate upstream and collect at the critical point ~ith breakdown being the 
ultimate consequence . 
.. 
Another interpretation of t~e critical flow concept is attributed to Benjamin by 
Liebovich [1984] and Wedemeyer[1982] in their respective surveys· on vortex 
" 
breakd.own.· · Beginning with the momentum equatjon in stream function form fo·r 
inviscid, axisymmetric flow 
2 n 
8 '11 - low - r28h - kok 
8r2 r or - aw &ll! 
6 
I.a 
. ' . \ . ,, 
. " / 
.... _..,· 
! 
I .. · 
.. 
.\ 
I 
,,, 
~--- --~ .. ·--· -• 
I . 
'./' ' 
where 
. . 
• 
.. '41 
is the total head·, and 
. .. 
; . 
h = fp. + l( u2 + v2 + w2) 2 .. 
{ I 
k = rv 
is · the circulation, with bound'ary conditions 1'(0)=0 and '11(R)='11(R), Benjamin 
demonstrates that if h and k can be expressed as functions of W then two conjugate 
solutions exist. These two solutions, '1ta and '1.ib, correspond to supercritical and 
subcritical flow. Unfortunately, Benjamin~s solution only relates the upstream and 
downstream flow regions without addressing the event of breakdown at the critical 
point. According to Benjamin, the flow is supercritical if the mimimum phase speed, 
cmin·=w/k where w is the frequency and k is the wave number, is·'' positive. This . 
requires that constant phase surfaces only .can propagate downstream. The effect of 
increasing swirl is to reduce cmin thus driving the flow to the critical point and, finally, 
the subcritcal state. Liebovich further states that this. concept is equally valid ·for 
group velocities ... 
The primary criti~ism of these wave propagation theories i.s that they . are 
limited to axisymmetric breakdown, i.e. the bubble mode. Asymmetric breakdown and 
the downstream asymmetries observed for the b-mode are attributed to secondary 
instabilities arising just after burst. This, however, does not satisfactorily explain the 
s-mode·since asymmetry begins immediately after, or even before, breakdown. 
D 
The idea behind theories related to flow ~nstabilities is the amplification of small 
disturbances which destabilize the vor·tex· flow with breakdown as the ultimate 
I 
consequence. · A~~ording to, Wedemeyer, a proponent .of this idea is Ludwieg who 
asserts that helical flows\ are · most unstable · to spiral disturbances of 
'·· 
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A generalized Raleigh criterion·follows based on the non-dimensional velocity gradients 
,nt. •• 
C'() = r/v dv/dr, 
Ludwieg shows that the flow is stable when 
Cz= r/v dw/dr 
(1-Ccp )(1-C,o2 ) - (5/3-Ccp)Cz2 > 0 • 
The corresponding stability diagram is illustrated by Figure 1.4. The vortex. becomes ~ 
,. 
unstable· as the velocity profile parameter (k) decreases due to .an adverse pressure 
gradient. Once in the unstable region, spiral disturbances of the form noted above are 
amplified in the streamwise direction -causing the vortex to become eccentric about its 
axis. ·· The exponential growth of the instabilties eventually results in the rapid 
deceleration of the vortex core 1eading to burst. 
\V'edemeyer extended Ludwieg's theory to delta wing flows. The analysis is 
restricted to the foward part of the wing where the flow is conical and not influenced 
by pressure gradients at the trailing-edge. Under such ~onditions a stability boundary 
:1 . 
exists which is a function of aigle of attack, aspect ratio A, and an initial velocity 
profile parameter, k. The boundaries are depicted in Figure 1.5. 
Each of the stability definitions relies on restrictive simplifications which 
severely inhibit their application to general flows. The stability limits defined above, 
for instance, relate only one or two of the factors that influence break~own to the 
event. Actually, vortex breakdown is dependent on numerous factors which, in general, ;· 
are unknown. These include ·'' 
1. - The initial velocity distribution wit~in the vortex 
2. The pressure gradient in the streamwise direction 
·. 3. The existence of initial disturbances 
_ 4. ·· The amplification of initial disturbances 
• 
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The effect of the first two factors seems to be understood to a certain extent and a 
, . 
. 
number of. theories have been put forth concernfng 3 and 4. An intensive investigation 
, . 
. 
' 
into the interdependence of these factors, primarily the influence of 1. and 2 on 3 ·and\ 
4, is vital to further the state of the· art. 
·. 
The relationship between the axisymmeteric a.nd symmetric modes also deserves 
', 
scr·utiny. ·Liebovich [1984] suggests. an interaction between the two modes based on 
experiments and the limitations of present theory. Unfortunately breakdown theory is 
. 
not refined enough to warrant comparison to experimental work. 
1.4 Vortex Breakdown on a Pitching Delta Wing 
Much of the recent interest in v<;>rtex breakdown~·has focused on the unsteady 
effects due to a wing in motion or to an oscillating freestream flow. The significant 
feature of the unsteady flows· is the hysteresis in the vortex breakdown position during. 
the motion or oscillation cycle and the corresponding aerodynamic effects. This 
discussion will center on the case of a pitching delta wing because it is most relevant to 
the p~esent investigation. The non-dimensional parameter that typifies a pitching 
" 
manuever is the non-dimensional pitching rate 
• 
A= a C/2U00 
where o is the pitch rate, C is the chord length, and U 00 is the freestream velocity. 
An alternate definition often employed for sinusoidal pitching is 
K = 21rfC/U00 
where f is the frequency of oscillation. 
< 
• 
During unsteady motion, such as a pitching :rµanuever, there is a time lag. in the 
response of the vortex breakdown position with respect to the motion of the wing. For 
,\ ' 
a pitch-up motion the burst location tends to lag downstream of the relative· static 
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location whereas_ a pitch-down motion promotes __ burst at a location upstream· of the 
static position. _ However; at · the onset of a pitch-up manuever, over ·· the first . five 
degrees or so~ the breakdown will actually initiate over the wing, well upstream of ·the 
relative static loction. This undershoot can be attributed to instabilities induced by 
the sudden acceleration of the wing through the fluid. 
• ¥ 
~-~ 
Gad-el Hak an1d Ho [1985] observed the development of the separated vortex. 
flow over a 45° sweep delta wing with: a rounded leading edge was pitched about the 
quarter chord axis. As the angle of attack is increased from zero to thirty degrees at 
K = 0.1, the separation vortices begin to form near the corners of the trailing-edge.. ,. 
The separation propagates _upstream toward the apex as: the angle of attack increases 
.. 
at a speed approximately equal to the free-stream velocity. During the downstroke of 
the motion, the flow reattaches along the entire leading-edge with the-. attached area 
increasing toward the center span. 
Gad-el Hak and Ho also observed hysteresis in the vortex flow field for a 10 to 
20 degree motion at K = 0.5 to 2.0 with Reynolds numbers ranging from 25,000 to 
350,000, the exp~;rimenters detected hysteresis in the size of the vortical structures as 
'" 
.. 
characterized by the height of a dye marker at the. vortex core. For a given streamwise 
location, Xb / C, and instantaneous angle of attack, the size of the vortex is larger 
relative to the static case for the pitch-down motion. For the pitch-up case the vortex 
size is smaller in comparison to the static case. The deviation from the static case 
tends to increase at higher K for o greater than fifteen degrees. 
Wolffelt [1986] reported hysteresis in the vortex breakdown behavior for a 
harmonically pitching and plu'nging delta wing. The data is pesented in Figure 1.6. 
The plots of vortex breakdown position normalized by chprd length, Xv8 /C, versus 
angle of attack, o, show significant· hysteresis. The dynamic·· hysteresis loops do not 
10 
I .I 
' 
' • 
! 
.. 
C 
f) 
2 
( 
i 
· necessarily encircle the static breakdown curve though the degree· of hysteresis does 
,, :•r . . 
I 
, 
. 
· increase with pitching rate, K. Interestingly, the_ time varyii;ig pormal force· on 'the 
. wing also shows a hysteretic pattern. This point will be discussed in a subsequent 
section. 
·, 
Lemay et al. [1988) also investigated vortex dyn~mic hystf!resis specifically with 
. 
repect to the breakdown location. A sharp leading edge wing with a 70° sweep angle 
was pitched in a sinusoidal fashion for o = 29° to 30° and 0° to 45° with non-
dimensionaI· frequencies, K = 0.05 to Q.30. They observed _hys.teresis in the Xb/C - o 
~- ' 
' 
plane for K as low as 0.05. The phase lag of the vortex breakdown position relative to 
,? • 
the angle of attack increased linearly .with K with a maximum of approximately 22° for 
K = 0.2 at Rec = 260,000. Some Reynolds number effects were found for the higher 
1, 
range (175,000-260,000) tested. Rockwell et al. (1987] reported similar hysteresis for A 
as low a 0.025. Furthermore, the sense of the hysteresis reverses for relaively large 
• 
pitching rates (A>0.28), ie. the direction in which the loop proceeds becomes counter-
clockwise. The experiments were conducted for a sharp edged 45° sweep delta wing 
sinusoidally pitched about its ~railing-edge for Reynolds numbers ranging from 5,800 to 
45,000. 
The time scale qf the vortex response relative to the wing motion plays a major 
~' 
• 
role in the hysteresis observed. The ·experiments of Reynolds and Abtahi (1987] using a 
75° sweep sharp edged wing pitched at mid-chord indicate the existence of two regimes_ 
characterizing the response of vortex breakdown. The first regime occurs at low angles 
of attack where the response of vortex burst progression is of the order of a convective 
time unit, U00 /C. The response of the second, or high alpha, regime is 20 to 30 times 
lon·ger than the reponse at low alpha. In a related experiment, Magness et al. [198~] 
found that t_he flow field_ responds approximately twice' as quickly in the absence of 
,.r:--
11 
)' . 
/ 
. \ 
• 
\',,._ 
breakdown over the wing. The · existence of such p~ase differences due to pitching 
. motions. allows for the control of the leading edge vortices via ·pitch induced forcing. 
"" 
Magness et al. [1989] en1ployed such global control in the: form of combinations of 
' 
ramp type .manuevers to increase the dynamic overshoot of the static breakdown 
location. 
1.5 Aerodynamic Forces on Delta Wings .. 
Before considering the unsteady lift on a pitching delta wing it, is prudent to 
first examine the static lift characteri.stics ... A typical lift curve is depicte~ in Figure 
1.7, for which the lift coefficient is 
C - L L-1 2 
2PUoo A 
where L is ·the lift force, p is the fluid density, U 00 , and A is the planform area. The 
. . 
lift characteristic of delta wings is similar to that of .conventional airfoils in that the lift 
increases linearly with angle of attack until stall occurs resulting in a dramatjc loss of 
lift~ In contrast to a two-dimensional airfoil, which stalls at around a=l~ 0 due to flow 
separation, a delta wing maintains increasing lift until an angle of attack of 30 to 35 
degrees. It is interesting to note that the static lift coefficient versus angle of attack 
=curve is independent of Reynolds number for incompressible flow. 
The total lift of the delta wing can be separate.d into potential and vortex flow 
. 
components as illustrated in Figure 1.8. Polhamus [1971] accurately predicts the 
vortex term by means of his leading-edge suction analogy technique. The theory 
assumes_ that the suction force required to maintain attached flow at the leading-edge is 
the same as the vortex induced lift. This requires only that the ·primary vortex._ sheet 
. . 
must reattach along the entire upper s·urface. The theory, therefore, is valid only before 
,6 
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breakdown or stall • Polhamus shows that the total lift is predicted by . . 
where 
is the potential term ·and 
.• 2 
CLv = Kv sin o coso 
is the vortex term. The parameters Kp and Kv are determined by lifting surface 
theory. The values of K are plotted in Figure 1.9 for various aspect ,;ratios. Th.e plot 
indicates that the potential lift term is a function of aspect ratio in addition to angle of 
.,J 
. 
-
.. 
attack ... Vortex lift, on the other hand, depends on the angle of attack alo,ne. 
Enhanced manueverability from the control of unsteady vortex behavior 
. , . 
depends, in a large part, upon the effect of vortex burst location on the vortex induced 
loading on the wing. It has long been believed that delta wing stall · or loss of lift is 
intimately coupled to the vortex breakdown· event. This coupling is evidenced by t~e 
correlation of the onset of stall with the burst location moving across the trailing-edge 
on to the_ wing in the static case ( Hummel & Srinivasin [1967)). The apparent 
. 
hysteresis in the lift force for a pitching delta wing, as presented in this work and by 
. 
Wolffelt, suggests a possible connection with the hysteresis in the vortex breakdown 
behavior. 
. . 
The dynamic force curves of · Wolffelt in Figure 1.10 correspond to the 
sinusoidal pitching cases previously described for the vortex breakdown data. For K > 
0.045. the dynamic normal force curves exhibit ·overshoot even at the initiation of the 
ramp-up motion. The undershoot occuring duri~g the down swing· is even more 
pronounced. Wolffelt summarily explains the hysteresis in the measured loads as being 
a result of the loops· in dynamic vortex burst location data.. Recent evidence, however, 
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suggests that the relationship between vortex breakdown and lift' is not as strong as · 
. 
' 
originally thought. Kegelman & Roos show that tµe onset of sta.11 corresponds with the 
. 
,. ~ 
' 
.. 
vortex burst crossing the trailing-edge only for delta wing sweep angles greater. than 
. 
I 
70°. This suggests that the interaction of the starboard and port side separation 
vortices is another important factor. Also, in a limited ~tudy, they show that moving 
,J 
the burst }~cation by as much as 30 percent through the use of downstream loading 
,, 
•' 
increases lift coefficient values by only five percent. 
Another phenomenon significant -to the generation of lift for a pitching delta 
wing is flow separation. As the angle of.· attack is increased, eventually the flow 
_separates from the surface -near the- trailing-edge and the separatioi;i line moves toward 
.. 
the apex. The analogy with the separation point proceeding up over the suction side of 
a two-dimensional airfoil is obvious. Indeed, Jumper and Stephen [1988] conclude that, 
tf 
for an airfoil, the suppression of separation during ramp-type pitching manuevers is a 
. . 
major factor in lift augmentation. Unfortunatel)', the role of flo,v separation in three-. . 
E:,, 
I . • 
dimensional delta wing aerodynamics has recieved little attention . 
. 
The objective of this investigation is to shed new light on · the relationship . 
between vortex burst location and instantaneous lift, specifically in the case of a · 
• 
pitching delta wing. A unique experimental system allows for the measurement of 
aerodynamic forces on the delta wing pitching in a water channel. The following two 
·• 
chapters describe the experimental systeJil and procedure. The force data is to be 
. . 
correlated· with the vortex breakdown data previously obtained· by.) Magness for the 
same wing · geometry, Reynolds· numbers and pitching manuevers. A secondar:}' 
objective is to quantify the lift augmentation possible due to various pitch-t)'pe 
motions. 
,, 
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·. 2. EXPERIMENT AL SYSTEMS 
.-
. The· experimental apparatus. consists of. the computer-controlled pitching 
mechanism and the sting balance force mea.s~rement system. The delta ~ng employed 
,, 
(Figure 2.1) is fashioned of 1/2" (12.7 mm) Plexiglas to facilitate laser sheet 
visualization. T·he wing has "a chord length, c, of 241 mm and a sweep angle, A, of 
· 75°. The leading edges of the win·g are beveled at a 40° angle so that they may be 
considered sharp. Both the upper (suction) side and the bottom (p~ressure) side are flat 
and polished smooth. All experimentation was conducted in a water channel having a 
' 
610 inm x 914 mm rectangular plexiglas test section. and a maximum freestream 
velocity of 335 mm/s. An IBM compatible Zenith Z-241 microcomputer provides .. 
motor cont_rol of the pitching mechanism and digital data acquisition . 
• 
2.1 . The Sting Balance S:ystem 
The need to investigate aerodynamic forces. in conjunction with flo,v field 
visualization imposed unique restraints on the design of the force measurement SJ'Stem.-
. 
' 
Though many experimentors have_ measured static forces· of liftin~ · ·bodies in wind 
tunnels, few have ventured to do so in-. water for a wing in motion. The present sting 
balance incorporates highly sensitive waterproofed strain, gages and a modulated carrier 
• 
signal to provide high resolution dynamic measurements in the water channel. General 
guidelines for strain gage transducer design are given by· Willmarth (1971], Hansen 
•, 
[1956], Reicharqt and Sa:,ttler [1962], and Patel [1976]. The system employed in this 
~~-·~ 
investigation, illustrated in Figures 2.2 and 2.3, is described' below noting important 
design features. 
, One end of the sting, a 9.52~ mm (3/8") brass rod, ·fits the brass mount at the 
trailing-edge of the delta ~ipg. The opposite end of the sting is "threaded a.nd .. attaches, 
15 · 
. 
• 
··~ 
F. ·.· 
•· 
I 
• 
' I 
by means .of a liex nut1 ·_to the forcing mechanism. Two pairs of M~urements Group 
Inc. p·recision strain gages (gage factor = 2.03, impedence = 120 ohms) are mounte~ 
2.38 cm (15f16 in.) and 8.41 c~ (3 1:5/16 in.) behind the trailing edge.of 'the·wing. 
.. . 
. 
The rod is machined flat at the gage-,locations to facilitate gage bonding and to create 
. ,, ' 
a more uniform and intense strain distribution. 
Waterproofing is achieved with a two step process; First, two coats of 
""~ polyurethane varnish (Hottinger - Baldwin - Messteehnik. J;>U 100) are brushed on· to 
; 
seal the gages and the solder join.ts. · ·Next,· a 0.~35 mm (0.25 in.) thick layer of 
rubberized plastic putty (HBM AK 22) is applie~. Standard electrical tape covers the 
putty because of the putty's tackiness. The waterproofing has proven very effective. 
No signs of leakage have been detected even after several. months of submersion. 
/) 
The four strain gage configuration illustrated in Figure 2.3 provides numerous 
advantages. Foremost of these advantages is that a full f Wheatstone bridge is 
employed as a detection circuit. The circuit is wired such that the voltage output is 
directly proportional to an upward normal force on the wing or proportional to a 
positive counterclockwise pitching moment on the wing. A full bridge circuit is the 
recommended configuration for strain gage based transducers. 
The configuration pictured in Figure 2.3 is the ·normal force measurement 
circuit. The normal force, F n, can be shown to be proportional to the difference in the 
strain measured at locations 1 and 2 divided by the distance between 1 and 2 (L), ie. 
·, 
The strain at each location is directly proportional to the relative change in resistance 
or 
f = 1/f * ~R/R 
' where ~R is the change in resistance relative to the unstrained value, R, and f is the 
16 
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gage proportionality factor. For an upwlrd normal force, the strain (and t~fore the 
values of ~R/R) · is, negative on the upper surface and positive "·on .the lower surface. 
", . 
, 
The resistances in adjacent arms of the circuit are numerically subtractive if of like sign 
and additive . if of. opposite sign. ·Therefore the val~es of R + 1 and R-1 are added 
together and the corresponding voltage output (via Ohm's Law, V=IR) is doubled. 
On the oth~r hand, the front. gages (R+ 1 ,R-1 ) and the back gag~ (R+ 2 ,R-2 ) are 
'< 
subtracted so that the bridge output is proportional to 2(t2-t1 ). Thus the four gage 
Wheatstone bridge circ~it provides twice the sensitivity of a two gage bridge. 
Opposing gage pairs also provide temperature and hysteresis co~pensa.tion. 
Because the gages are connected so that the voltage across the top gages is subtracted 
from the voltage across the bottom gages, deviations induced by gage heating are 
cancelled out. Likewise, hysteresis effects, due to the fact that the gages experience 
. 
· alternating compressive and tensile strains~ are removed. 
,;; 2.2 Instrumentation and Signal Processing 
·. 
I I 
Figure 2.4 diagrams the set up of the signal processing system ,~·hich is 
described below. Balancing circuitry and power for the strain gage force transducer are 
supplied ,ria a Hottinger - Baldwin - !\1esstechnik DMD 20A digital strain/ indicator. 
Bridge supply voltage is one volt modulated at a 225 Hz which is amplified to pro'\ride 
the measuring signal. The modulated carrier signal increases the signal to noise ratio in 
comparison to standard DC measurements. The m~asuring signal is then rectified by a 
demodulator, after which a low pass filter removes remaining traces of the carrier 
frequency. The output signal is· further amplified resulting in a continuous nominal 
output of ± 2 volts. From the DMD 20A Strain Indicator, the sig-na.l travels to a 
Tektronix AM502 differential amplifier (gain = pOO) so that the full scale output is 
17 
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increased to ± 5 =volts, the ·:range accepted by the A/D converter. Zero level 
' 
. . 
adjustments are usu.ally inputecl through the step· gain balance of the amplifier but 
. 
may also be made thr?ugh the , strain indicator zero balance and gage fa~or settings. 
The signal then passes through a Krohn-Hite analog filter (model 3750) in low pass 
mode which acts as an anti-aliasing filter. The cut-off frequency is chosen to be 
slig~tly Jess than· the Nyquist frequency used in data acquisition. The final voltage. 
output from the analog filter is converte~ to a digital signal by the computer's Data 
C 
. 
Translation DT2801 A/D board and stored on the hard disk as raw data. 
O~ce saved, the raw signals are further processed using a combination of 
.. 
techniques inclu·ding ensembl_e-averag~g, digital filtering, and smoothin~ The ge~eral 
I 
'c-
. 
.. 
... 
~ 
method is as follows. The signals for a given case are first ensemble-averaged and then -
digitally-filtered to remove noise components easily identified in the power spectrum. 
Digital filtering is used to avoid the phase lags inherent in analog filtering. Next, . · 
linear interpolation is employed to eliminate large amplitude transiim'i spikes in the 
signal. The spikes occur at the initiation, mid-point, and end of the ramp-up/ramp-
down motion of the wing because of the high accelerations associated Vtrith these 
portions of the manuever. Finally, the data is smoothed using a sliding averaging 
· technique whereby each ith value is replaced by the average of the surrounding n 
values. That is 
Extraneous points, whose value differs from the local average by some, percentage of 
the local average, are removed. 
The somewhat complicated signal ·processing procedure is necessary. because of a 
problem encountered when using only digital filtering at a very small lowpass cut-off 
frequency (less than 1 Hz). If the cut-off frequency is too low, the Fourier components 
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-~hat remain in the signal may -be_ insufficient to adequatly describe the overall character 
. 
. 
of the signal. For example, the ge·neric shape. of the signal considered is that of a saw 
tooth with ·a period of six to 164-seconds. A low pas~ filter at 0.1 Hz not only rounds 
off the peak but also introduces waviness in the straight line portions of the signal. 
'• 
This phenomenon is evident in Figure_ 2.5 which compares the filtered and unfilt~rd 
C' . ~\' 
signal for . an ideal saw tooth-. The .effect is avoided by filtering at a higher·· cut-off 
.. I 
~- i 
frequen<;y and smoothing the resulting signal~ .. • 
2.3 Pitching Mechanism 
The sting and wing combination attaches to a U-sh~d arm that, when 
rotated, pitches ·the wing about. its mid-chord point (Figllle 2.6). The arm pivots on 
two axels that protrude from legs on either side of the. channel. The two legs extend . 
down from a platform sitting above the free surface of the channel. Located on the 
. 
. 
platform are. the Compumotor and driver which, by means of chain drive and sprocket 
gears, rotate the arm and pitch the wing. A 32:3 gear ratio results in a pi_tch of 2.6 x 
10-4 degrees for every rotation of the motor drive shaft. 
The Parker Hannifin Corp. M83-135 Compumotor generates a maximum of 
2.70 N-m (380. oz-in) of torque. · Excellent positional accuracy is ac-hieved because of 
· the J.11icrostepping capability of the motor. By proportioning the current between 
motor phases, each l.8° step of the driye shaft is electrically divided into 125 discrete 
positions to produce 250,000 steps per revolution . 
The Compumotor system begins with the host computer, here the Z-241, where 
' 
motion profiles are programmed by the user. These high level commal).ds are then 
t~anslated by the 1ndexer (a Compumotor 'PL - 23 3 axis indexer'is utilized) into pulseq 
. 
control signals at a rate of up to 500,000 steps per second. The step pulses instruct the 
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driver to proportion the motor currents so that the desired motion is achieved. Figure 
2. 7 diagrams the open loop Compumotor system. 
2.4 Noise Reduction 
A major problem encountered during · experimentation was interference 
attributed to electromagnetic noise. Thi.s was especially evident at low flow speeds 
when the signal to noise ratio is minimized. Numerous sources within the laboratory 
. . 
were identified using an AM radio receiver tuned to low frequencies. However, spectrar------------~ ··- · - --
analysis of th~ measuring signal revealed that the primary source was the motor 
driver's 170 volt DC 20 kHz signal. It was further determined that the 20 kHz signal 
w·as transmitted back through, and radiated from, the. power cord and the indexer 
. 
wire. The steps taken to diminish primary and secondary noise sources are· outlined 
below and diagramrried in Figure 2.8. 
First, a 'star' ground network was installed so that the motor and the signal 
processing components could be truly grounded. The network consists of ground ports 
. 
with multiple lead conneetions at two laboratory locations. Heavy gage copper oord 
. 
connects the ground ports to the main cold water pipe of the building. The result is a 
true ground sink. Individual components are wired to ~he ground ports using tin 
covered braided copper cable protected. by plastic tubing. The many strands in the· 
cable maximize the conductive and resistive prop·ei:ties but, unfortunately, also tend to 
.· 
radiate the noise traveling along them. Plastic tubing covering the cable reduced the 
radiation. to some extent but served mainly to prevent the cable from contacting 
another conductor. 
A more successful step taken to alleviate the noise problem was the shielding of 
_..,· 
the noise radiating cords and wires. The cords emanating.from the motor driver were 
.. 
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shielded with aluminum foil which was s~bsequently grounded. The shielding reduced 
the 20kHz noise superimposed on the measuring signal by an order of magni~ude. 
\\ 
It was also necessary to prevent the overwhel~ing noise signal from invading 
the other ·.components t.hrough the building's power_ circuitry and wall ou~lets. The 
most obvious tactic was tq, use a completely separate power circuit for the 'motor, ie. , 
. ,, 
connect it to AC line originating in another part of the ·building .. Additionally, a 500 
volt-amp isolation transformer,_ connected betw~en the driver and the wall outlet, 
- --- ~• s-C·-~-----~~--'a·--•,,,._,, ~ ·••• ---~--- - ---~- • ~ • ·'·-·-·· ·-----~-·-·-----~ •. , ---·.i---~------ -... 0- _,.,_·~- . 
prohibited the noise from being transmitted on and radiated from this power line. The 
final measure taken was to use the filter and . strain indicator in the battery (DC) 
mode to avert the introduction of random signals through their power cords_. Although 
no single measure eliminated noise outright, all of these techniques together reduced 
,'i -
the ·noise to workable levels. 
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3. EXPERIMENTAL METHODS 
. . . 
3.1 Calibration 
Like any force transducer, the sting balance must be calibrated to relate the 
voltage output to the measured normal force. The calibration is performed outsid~ the 
(suction)D surface facing downward (see Figure 3.1). The transducer is zeroed to 
exclu.de th~ ·weight of the wing itself. Jeweler's weights, ranging from one grain to 2.0 
troy ounces (0.000174 to 0.166 lbf), are then placed on the planform surface to 
simulate an upwar~ normal force .. The corresponding voltage is read from the · digital 
display of the computer. . A schematic. _of the calibration technique is given in Figure 
3.1. The transducer respon~e is linear to within 0.01 percent throughout . the 
measuremerit range as illustrated by the calibration plot of Figure 3.2. The slope of 
the curve represents the calibration constant us.ed in the calculation of the lift 
coefficient (see section 3.3). Significantly, the calibration curves obtained with the 
wing positioned with its top-sid~ facing upward are nearly identical to the curve 
acquired with the wing rolled 180°. -This verifies the hysteresis cancellation mentioned 
in section 2.1. 
-
Pitching moment c·alibration is conducted in a similar manner. However, 
because the pitching. moment is a function of both the applied force and the moment 
arm, each weight must be placed at a number of locations along the wing's chord as 
-
illustrated in Figure 3.1. The. result, Figure 3.3, is a series of calibration curves from 
which a calibration function is deducd. 
-~ 
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3.2 Proce.dure 
In light of the sensitivity of the transducer to electrical interference, the bulk of 
the experim~n tation was conducted late in the evening when the building is relatively 
quiet. The instrumentation is turned on several liours beforehand to allow sufficient 
· warm up time. Also, prior to experimentation, the wing must be oriented properly --
zero roll, 0° or 5° pitch. Any air bubbles adhering to the wing are removed since they 
• •••'• --~•< ~--"•A.•"'"••"._ •• ••--•--
------- - ... , 
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add unwanted bouyant force.·····yhe fiiia.l--prepatory step is-to ··record an approximately 
300 second test signal. This signal is examined for signs of zero drift and excessive 
noise which would indicate unfavorable test conditions. 
Generally, the step following the aforementioned preparations is the acquisition 
of static curves. During this phase of experimentation, the wing is stepped, in 
increments of five degrees, through the appropriate range of alpha ( usually 0° to 60°). 
A reading is taken at each angle qf attack only after steady-state conditions persist. A 
standard deviation of less than 0.002 for a ten second test · signal is the criterion 
considered for the steady state condition. Because the forces on the delta wing vary as 
it is pitched, the procedure is performed with and without flow past the wing. The 
. 
flow-induced normal force is actually proportional to the difference between the. voltage 
recorded with flow and the voltage obtained in the no flow case. 
Both no flow and flow trials are necessary for the dynamic curves as well. 
Figure 3.4 shows the difference between the transducer output for the dynamic case 
with flow and the static case without flow. A ·curve fit of the static no flow data, 
shown in Figure 3.5, was used instead of the dynamic curve only after careful 
• 
consideration.· In the dynamic case, the no flow data are a function of the added mass 
effect due to the acceleration of the water surrounding the wing and the shedding of 
/. . 
vorticity from the wing duri~_g,,fnotion. Fortun~tely, it was found that these effects ar~ 
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negligible for the ramp rates considered. The variation between the static and dynamic 
no flow curves is depicted in Figure 3.6 The dynamic curve is for a ramp_ motion with 
the greatest angular velocity, o = 0.45 rad/ s, and therefore is the case with the largest 
added mass and shed vorticity effects. The two curves show little difference until high 
angles of attack where the dynamic curve begins to undershoot the static curve. This 
.rounding __ off of the ... 4yna..r,ni,~-- Cl.lJ:·v~~ how~.v~.r!. .J~ : P.i;t:rp.arily due to filter atten nation 
....... --··- ·- . . -•• , -·-· .- --< ·------·~------<>~·---- -. . • ., 
rather than the previously mentioned unsteady effects. A benefit of using the static no 
'-· 
. 
flow curve is the savings in time and effort required to process each dynamic no flow 
e:ase. More importantly, small scale fluctuations in the final lift curves are minimized 
because the static no flow data is smoother than the dynamic case regardless of the 
processing used. 
A typical signal trace for a continuous pitch-up/pitch-down motion contains 
1024 points with sampling intervals varying from 0.005 to 0.042 seconds, .depending on 
the total time of the motion. Resulting Nyquist frequ,encies, ranging from 11.9 to 67.57 
Hz, are at least an order of magnitude greater than the frequency· of the motion. 
Table 1 lists the Nyquist frequencies corresponding to the sampling intervals used for 
each case tested: 
The general proced11re for the dynamic lift measurements involves loading the 
motion profile for a given ramp rate from disk storage and setting the data acquisition 
parameters. Both tasks are executed using Automated Lab Technician (ALT), a 
menu driyen, C - based computer code developed by Charles Magness. The computer 
then moves the wing through the prescribed motion while simultaneously recording the 
• 
transducer output. For a given case corresponding to a reduced· pitching rate, "A, four 
trials are performed both with and without flow. These trials can be subsequently 
. 
ensemble-averaged to minimize small scale fluctuations. -The ensemble-average 
·~ 
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technique simply calculates the arithmetic mean Of the voltage ouput for the trials at 
each discrete time step . 
3.3 Data Reduction 
The nondimensional parameters characterizing the aerodynamic forces on the 
delta wing include the lift coefficient, CL, the drag coefficient, C0 , and the pitching 
moment coeffidP.nt, CM •.. Of these, the lift coefficient is of· primary interest so its 
calculation will be outlined here. The calculation of C0 and CM follow a similar 
approach. 
The coefficient of lift is defined as 
Fn cos a 
CL 
-1/2pU002 A 
where F n is the upward normal force on the wing, a is the angle of attack, p is the 
fluid density, U 00 is the freestrearr1 velocity, and A is the planform area. Figure 3. 7 
describes the variable inputs for this calculation. The denominator ( 1/2pU rx/ A) is 
strictly a function of given variables determiried by the flow conditions and wing 
geometry. The normal force is calculated from the flow and no flow data files ( which 
list voltage output versus time for the cycle) and a constant, K, derived from the 
calibration·· curve. Specifically, the normal force relation is 
Fn = K (V - V2 ) 
where V and V z are the voltages associated with the flow case and the no flow ~ase, 
respectively. The angle of attack, a, is a function of the period of the motion profile, 
25 
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·. 
the ramp rate, and instant of time ·during the cycle, ie. 
a= a(T, a, t) 
Once again the time is read from the data files. The program that calculates the
 lift 
coefficient also contains provisions to adjust the starting value (CL at t = 0) to 
account for imprecise zeroing of the transducer. 
. 
It is virtually impossible /to set the · 
.( '·\.; 
"~-) ..,,- •F 
transducer output (which is continually fluctuati~g) exactly at the sa:me starting value 
from one case to another. Therefore, the voltage difference (V - V 2 ) at the start of the 
motion is adjusted so that it yields the lift coefficient corresponding to the value of the 
static lift curve. 
3.4 Experimental Paramet'ers 
The exp_erimental parameters for the force measurements were chosen to 
correspond with the vortex breakdown location data of Magness. The Reyn
olds 
b b d . h d R CU 00 d h . . 
d. . 1 . h" 
n um ers ase on wing c or , ec = v , an t e various non- imens1ona p1t
c ing 
• 
• 
rates, A, are listed in Table 2. The pitch rates, A, range from low ( 0.025) to high 
(0.15) but in general are considered relatively slow manuevers, ·certainly within the 
range of modern aircraft capabilty. Two ranges of angle of attack, 15° to 40° to
 15° 
and 5 ° to 55 ° to 5 °, were used for each pitching profile tested. The rational behind 
the 
choices of pitching range is as follows. At 15° the leading-edge vortices are f
ully 
developed and they remain coherent until 30° when breakdown occurs. The r
amp 
direction change at 40° ensures that the breakdown position is sufficient upstream 
over 
the ·wing to influeh.ce the loading. The 5-55-5 degree motion encom·passes the ent
ire 
.. 
. 
. 
vortex growth· pattern. At 5° the leading-edge vortex formation is barely percepta
ble. 
By 55 ° the vortex breakdown position is at or near the apex and the wing is conside
red 
fully stalled. 
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4. EXPERIMENTAL RESULTS 
The results discussed henceforth are based on the force measurement 
experiments for a pitching delta wing in a water channel conducted by the author. 
Since it is a primary objective to relate lift to· leading-edge vortex behavior, the results· 
of vortex breakdown experiments conducted by Charles Magness [1989] are also cited. 
The <iis-cussion begins with ·the e~arninatiqn . of the .~t_t1.tic lift anc:l _vort_e~ br~t;1J.(<iQWJl . 
results before proceding to the dynamic cases. 
4.1 Static Experimental Results 
4.1.1 Static Lift 
• 
The static lift curv_e for the 7 5 degree sweep, sharp edged delta wing used in the 
investigation is shown as the solid line in Figure 4.1. The nonzero lift generated at zero 
angle of attack is primarily attributed to the leading-edge bevel and the relative 
thickness of the wing~ A very _thin wing would produce less, if any lift with no 
inclination. Some of the zero degree lift may also be due to imprecise zeroing of the 
transducer although this could accou~t only for a approximately twenty percent of the 
offset at a = 0°. From O to 30 degrees the lift increases linearly as predicted by 
Polhamus' theory. The experimental curve is offset from that of theory by the amount 
of lift at zero angle of attack. At. approximately a = 31 °, the lift increase becomes 
r"'/. 
non-linear as the wing begins to stall. The delta wing is fully stalled by a = 50°. 
Figure 4.1 also compares the lift curve with those obtained by other 
. 
. 
experimentors using wings with similar sweep angles. The deviations between the 
• 
various curves, especially ~t high angles of attack,· rn~y be due to differences in 
geomet'ry. The Wentz & Kohlman model, .for example, is only half as thick as the 
27 
It also must be noted that the majority of the vortex breakdown location 
. 
data was obtained at Rec = 12,000 because the flow -visualization ·yielded more 
accurate results at the lower flow speed.. The measurement of force, however, was 
. 
. 
more effective at the higher flow speeds when the difference between the flow and no 
flow output was greatest. Comparison between the the vortex breakdown data at 
Rec = 12,000 and the lift data at Rec = 24,000 and 36,000 is justified by the fact that 
. the .vorte:x-b.r.eakdown b~lia.vioris-independent-of Reynolds .numb_er __ as _ _ahown in Figure.-~---~--------- _ 
3.8 from Magness et al. (1989]. 
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.. 
model used in this· study~ The objective of this comparison with other experiments is 
simply to give credence to the measuring system used for these experiments. Figure 4.1 
shows that the force measurement system does yield credible lift coefficient values for 
the static case. 
The static ·lift curve was found to be independent of Reynolds number, Rec, 
over the range tested (12,000-36,000). The curve pictured was obtained at Rec=36,000 
'since the force magnitude is greatest and therefore the relative error is smallest at- a 
high flow rate. The water channel capability and the delta wing chord length set the 
• 
upper limit of Reynolds number. A larger wing and faster flow would be preferred 
from a· force measurement standpoint. This is the reason why aerodynamic force 
testing is more easily performed in a wind tunnel rather than a water channel. 
4.1.2 Static Vortex Breakdown 
Figure 4.2 compares the vortex breakdown data of a number of investigations. 
These data support the data on vortex breakdown position obtained by Magness. 
Once again, considerable deviation between the investigations is evident. Notably, this 
variation was also observed in the comparison of Kegelman & Roos [1988]. The 
deviation is to be expected since small differences in leading-edge geometry are known 
to ha·ve a profound influence on vortex breakdown behavior as described in section 1.3. 
A significant feature of this graph is angle of attack at which the vor_tex breakdown 
position crosses the trailing-edge. In Figu_re 4.2 this event corresponds to Xb/C = 1 
at a = 31 ° for the data of Magness. The breakdown location then proceeds up toward 
the apex as the wing is pitched incrementally. At large inclinations, standing leading-
edge vortices no· longer form over the suction surface. The vorticity is simply shed 
from the leading-edges in a manner analogous to von Karman vortex shedding ·for flow 
28 
past a perpendicular flat plate. As in the case of the static lift curve, the static 
break9-own position behavior is independent of Reynolds number. 
. 
~ 
4.1.3 Static Lift and Vortex Breakdown 
• 
A comparison of the static lift and · vortex breakdown data reveals the 
correlation between the event of the vortex burst crossing the trailing-edge and the 
beginning of stall. In the present study, both events occur at an angle of att·ack of 
approximately 30°. This correlation has perpetuated the belief that vortex breakdown 
and lift are fundamental_ly related. An examination of Figure 4.3, however, shows that 
the relationship is not all that strong. The lift increases even after the vortex burst 
crosses the trailing-edge, albeit at a diminishing rate. This may be due to a reduction 
• 
' 
in vortex-induced lift but, if this is the case, the reduction should continue in a 
, somewhat continuous fashioq as the breakdown location moves toward the apex. 
What happens, however, is that the lift drops abruptly when the breakdown position is 
approximately 40 percent of the chord _length away from the apex. Figure 4.3 shows 
that this phenomenon is also evident in the data of Wentz and Kohlman [1971], and in 
the data of Kegelrr1an and Roos [1989] to a lesser extent. Large scale .flow separation . 
and static stall are present at these high values of angle of attack; their precise role, 
however, is not understood. 
4.2 Dynamic Experimental Results 
.. \erodynamic force measurements for a delta wing pitching about its midchord 
axis. were obtained for the parameters listed in Tables 1 and 2. The data presented 
here are for a Reynolds number of 24,000. Both the force data and the vortex 
breakdown data exhibit considerable hysteresis with respect to the static behavior. As 
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noted in section 1.4, Woffelt also found hysteresis in force and breakdown and 
summarily linked the two. The magnitude and phasing of the hysteresis for each data 
set will be examined in this section in order to more clearly define this relationship. 
Figures 4.4 and . 4.5 present the dynamic lift data that forms the basis of the 
~1~ 
subsequent discussion and analysis. Figures 4.6 and 4. 7 show the increase or decrease 
in lift relative to the static-- value during the course of the motion; i.e. the amount of. 
overshoot or undershoot. Figures 4.9 to 4.14 illustrate the phase relationship of the. 
-· 
. , .. ~ 
lift overshoot/undershoot to the vortex breakdown position and the motion of the 
wing. Finally, Figures 4.16 and 4.17 show the hysteresis in the dynamic drag and the 
dy·namic drag due to lift characteristics. These will not be discussed in detail but 
should be considered in the context of the analysis lift behavior. / 
4.2.1 D:rrnamic Lift Overshoot 
The hysteresis in the dynamic lift cur\res is clearly seea in Figure 4.4, which 
shows data for the angle of attack range of 5° to 55° to 5°. The low pitching rate cases 
follow the static curve closely over the initial upswing portion of the motion (ramp-up). 
This is to be expected since the vortex structure is relatively undeveloped at these low 
angles of attack. After the first five degrees, the two slower pitching rate curves begin 
to appreciably overshoot the static case and they remain 10 to 20 percent higher over 
• • 
the duration of the ramp-up maneuver. Although the A = 0.025 and .. the A = 0.05 
curves are basically similar ( withi"n the range of measurement error), t4e high non-
• 
dimensional pitch rate case, A == 0.15, overshoots tqe static curve by a substantially 
greater margin. The lift overshoot is evident from the onset of pitching,. and remains 
over 20 percent higher than the static val~e until near the maximum incidence angle. 
In either the case of the low or high ramp rates, the d)'namic lift overshoot may be 
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understood by considering the unsteady development of the leading-edge. separation 
vortices. For a wing pitched about its midchord. position the separation begins at the 
corners near the base of the wing during a pitch-up maneuver, the relative flow velocity 
at the leading-edge is enhanced since this portion of the wind is moving into the flow. 
The formation of the lift producing vortices is promoted as a result. At very low 
pitching rates, the effect is minimal until a=5° to 10° when the extent of the vortices 
becomes appreciable. For_ a relatively quick maneuver, the start-up is impulsive in 
nature thereby creating separation vortices from the onset of the motion. The result is 
a sudden and large overshoot relative to the static 1ift curve. The increase in vorticity 
generation due to a higher velocity at the leading-edge produces more circulation and 
lift as the vortices form. One must also consider the decrease ·in relative ,1elocity on 
the for\vard half of the wing. At small angles of att~ck, howe,1er, the leading-edge • > 
vortices are weak or non-existent so that the contribution to vortex lift is negligible. It 
should be emphasized that the foregoing explanation has yet to be explicitly 
substantiated in the laboratory . 
.. \fter the beginning of the motion, the overshoot remains fairly constant until 
the maxim um static value of lift coefficient is reached at 35 °. This is reasonable 
considering that the angular velocity, a, is constant and that the flow field is quasi-
steady dur~ng this time. The dynamic curve peaks around 35° as ,vell but then does 
not drop quite as dramatically as the static characteristic. 
The· dynamic lift overshoot in the 15° to 40~ to 15° range of motion follows the 
same trends noted above. Two interesting differences are evident. One is the greater 
magnitude of the dynamic lift over the range of incidence angles 20° to 35° for all non-
dimensonal pitching rates. A maximum dynamic lift coefficient of 1. 7· is achieved for 
I • • 
A = 0.15 at the angle of attack at which the static curve peaks, o = 35°. This 
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translates into a lift increase above the static value of nearly 40 percent. The o
ther 
difference is that the dynamic lift curves rise with a steeper slope at the onse
t of 
. 
. 
pitching. Both of these observations are most likely related to the fact that t
he 
leading-edge vortices are more prominent at fifteen degrees than at five ·degrees
 and 
·therefore the influence of pitching is more pronounced. 
An interesting phenomenon occurs as the maximum angle of attack is 
approached on the up-stroke, regardless of the rc1,ngf! of motion. Near the maxim
um 
~ ------- - - ·- -- - . -·-
-. 
. . 
angle of attack, the dynamic lift for all three pitch. rates, A = 0.15 in· particu
lar, 
plunges down to the static value before the change in direction of the pitching mo
tion .. 
Because the flow cannot anticipate the change in direction the effect mus
t be 
attributed to a factor other than the forcing of the motion. One possibility is that 
flow 
field separation across the entire span ( due to the adverse pressure gradient in the 
stream wise direction) progresses far enough up the ~ing so that it dominates the stall 
behavior. Unfortunately, this does not satisfactorily explain the similar beha,,ior in
 the 
15° to 40° to 15° case (Fig. 4.5). Examination of the raw flow and no flow data (Figure 
3.4) leads·· to the conclusion that a distortion in the data reduction process is 
.responsible. In Figure 3.4, the peak of the dynamic flow curve is shifted to the le
ft .of 
the peak of the static· no flow curve which coincides with the midpoint of the mo
tion. 
Section 3.3.. explains that the difference between the two curves determines the
 lift 
coefficient at a given angle of attack. The shift in the peak of the flow cur,,e resu
lts in 
a drop in this difference, and therefore a drop in lift, before a=55° when the pitching
 
motion changes direction. The reason for the peak shift can . be traced to the si
gnal 
processing procedure. Filtering of the signal, whether digital or analog, attenuates
 the 
amplitude and produces a rounded rather than sharp peak. ·. The maximum of
 the 
rounded peak does not coincide with the maximum of the raw signal as illustrate
d in 
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Figure 4.6. The exact reason for this mismatch is not clear although it appears to be 
related to the high amplitude spikes in the raw data during the abrupt change in 
direction. The conclusion is that the amount of overshoot over the last five degrees of_ 
the ramp-up motion is considerably less than the actual overshoc:>t. It is expected that 
the overshoot would continue to increase until the maximum angle of attack and then 
drop below the static value. An addendum of corrected data will be published soon. 
_Another interesting_ interQ_ret_ation of the data is the lift augmentation achieved 
for the various manuevers employed. Figures 4.7 and 4.8 exemplify the percent 
.. 
increase in lift over the static value during the course of the wing motion. These 
. . 
graphs emphasize the ~nfluence of the non-dimensional pitching par~meter, A. Figure 
• • 
4.7 shofis that an increase from A = 0.025 to A = 0.05 produces little change in the 
overshoot or undershoot. Both rates produce a lift overshoot on the order of twenty 
• 
percent. For A = 0.15, however, the overshoot and the undershoot are considerably 
greater than the other rates -- of the order of 40 percent. The trend extends to the 
15° to 40° to 15° case pictured in Figure 4.8. An import~nt difference, however, is that 
the degree of. undershoot significantly exceeds the amount of overshoot for the 5° to 
55° to 5° cases but not for the 15° to 40° to 15° cases. This point will be address in the 
next section. 
4.2.3 Dynamic Lift Undershoot 
On the downstroke of the 5° to 55° to 5° manuever, the dynamic ljft curves 
undershoot the static characteristic to a degree significantly greater than the overshoot 
present in the upstroke. The flat portion of the curves in Figure 4.4, from a = 55° to 
o: = 35 °, suggests a delay in the response of the flow field to the sudden change in 
wing motion. The dynamic lift characteristics for all three non-dimensional pitch rates 
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collapse around CL ~ 0. 75. The relatively low lift coefficient is probably due to a 
combination of mechanisms which include (i) the lag in the vortex breakdown location 
response, and (ii) the lag in the reattachment of ·flow near the trailing edge. After this 
delay, the lift decreases along a line parallel to the static curve but shifted downwards. 
Near the conclusion of the manuever, the lift returns - to the. static characteristic 
because of the dimi~ishing influence of the relative velocity at the leading-edge at lo,v 
• 
angles of attack. For A = 0.15, however, the lift curve only returns to the static value 
after a relaxation period following the cessation of motion. The relaxation time is of 
the order of a convective time scale,~ C /U oo. 
The undershoot in the 15° to 40° to 15° profiles is .considerably less pronounced. 
Once again this can be explained, in part, by the fact that the wing changes direction 
before it is fully stalled. Because the stall is not as -deep, the mechanisms responsible 
for stall can respond more quickly. 
' . 
4.3 Dynamic Lift and Vortex Breakdown 
The relationship between the vortex breakdown position and the lift generated 
. 
for a pitching delta wing is presented in Figures 4.9 through 4.14. Each figure 
compares the variation in oversh·oot/undershoot (top), the vortex breakdo,vn position 
(middle), and the angle of attack (bottom) over the period of the motion. The tim~ t 
is normalized by the period of the motion, T, such that all plots are reduced to a 
. 
common abcissa (t/T), irrespective of pitch ·rate, .. ~. Nott; that the drop off in dJrnamic 
lift overshoot, . ~CL/CL, is slightly premature du~ to the distortion in tl1e data 
described in. section 4.2. Figure 4.15 displaj1s the data of \,Voffelt [1986] in the same 
format for the purpose of comparison. 
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The striking attribute of these, figures is that the dynamic lift overshoot does 
not obviously correlate with the position of dynamic breakdown. As a general trend, 
the lift overshoot increases or remains relatively constant over the first half of the 
motion. Meanwhile, the breakdown position is moving progressively up the wing. The 
opposite is true for the second half of the motion; lift decreases as the breakdown 
position move~ downstream. 
There are characteristics of the breakdown response that do seem to influence 
the dynamic lift. Firstly, as the non-dimensional pitching rate increases the event of 
. 
-vortex breakdown crossing the trailing edge occurs further into the motion. This 
. 
corresponds with the enhanced dynamic lift as A increases. Secondly, the delay noted 
in the return of the lift coefficient to the static value when motion ceases parallels the 
.. 
delay in the return of the vortex breakdown position to the trailing-edge. This i·s 
• 
especially true for A = 0.15. 
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5. CONCLUSIONS 
The foci of this investigation are the quantification of the unsteady forces 
acting on a pitching delta wing and the determin·ation of the role of vortex breakdown 
on the unsteady loading. With this in mind, the following conclusions can be drawn. 
------------ --
-~ -~- - - ---~he loss gf vor-tex- -lift in--the __ static case __ corresponds t_o_ t~e_ event of vortex 
breakdown position crossing the trailing-edge. This conclusion must be limited to the 
geometry of the delta wing employed since the sweep angle is known to influence t~is 
correlation. Furthermore,. it. is not evident that vortex breakdo,vn causes the rapid 
drop in the lift characteristic. Although vortex burst coincides vlith beginning of ·stall 
in the lift curve, it is clear that other mechanismft> must also be inv·olved. 
The role of vortex breakdown position in det~rmining ~d:ynamic lift is even less 
pronounced. Although there are similarities in the phase lag of the vortex response and 
the delays in the lift response for the highest pitching rate, the general trends exclude 
·the possibility of an ·intimate relationship. During pitch-up, the lift ( and lift overshoot) 
actually increases as the breakdown position moves up the \\"ing whereas the lift 
decreases as the vortex breakdown location . moves downstream during the pitch-up 
portion of the manuever. 
• 
The non.,.dimensional pitching rate, A, and the range of motion both influence 
• 
the degree of lift hysteresis· exhibited. The highest rate, .. \ = 0.15, yielded the most 
overshoot and undershoot while the lower rates produced nearly identical cur\
1es. The 
range of motion influences the hys~eresis loops because of the nature of the flow field ~t 
the extreme angles of attack for the manue:ver. If the range extends to high angles 
( o > 50°), where the wing is in deep stall, a large degree of undershoot can be 
expected. If the range begins at a moderate angle of attack (10° < o < 30°), when the 
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• 
leading-edge vortices are well developed, a large jump in lift is to be expected from the 
. 
· initiation of motion. However, if the motion begins at low angles ( o < 10°) the lift 
curves tend to follow the static characteristic at first. 
It was established. that lift augmentation by as much as 40. percent occurs 
during a ramp-type manuever, accompanied by a similar increase in drag. The 
maximum lift achieved during the motion occurs near the same angle of attac;k as the 
--------- --
- - -------- ------
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maximum in the static curve . 
In summary, the lift generated by a pitching delta \ving is significantly 
influenced. by the motion. It remains unclear as to how the physics of the flo,v field 
manifests this change. The occurrence of vortex breakdown plays a role but it is 
apparent that other factors must also be involved. 
. 
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-~ PROFILE--
T05.PRO 
T025.PRO 
T10.PRO 
T15.PRO 
T30.PRO 
T45.PRO 
U05.PRO 
U075.PRO 
U10.PRO 
U15.PRO 
U30.PRO 
U45.PRO 
,-..·--~· 
~ANGE ____ 
i'O.EG', 
1 5-40-1 5-
. 
. 
-~ 
5-5 5-5. 
. 
.. 
. •, 
Table 1: 
- ~ •• • • • • • • ; • • • • • • - , 4~ • - .. -~·· ... :. - . ,. - ..... -~.'-•---···· ......... 
·· -p11c1,-frATe-- ·---. ·· - -PERiOO ~- · NO. -poiNTS ·---sAMPLiNG 
, 
. 
'RAD/SEC'1 (SEC't 
0.05 4 1 
0.075 27.33 
> 
0 .1 20.5 
0. 1 5 1 3.67 
0.3 6.83 
0.45 4.55 
0.05 82 
. 
0.075 54.67 
0 .1 4 1 
0. 1 5 27.33 
0.3 1 3.67 
0.45 9. 1 1 
1 024 
. 
2048 
1 024 
INTERVAL 
' 
' ~ 
. ' 
,/ 
0.042 
0.028 
0.021 
0.014 
0.0074 
0.005 
0.042 
0.028 
0.021 
0.028 
0.01 6 
0.01 2 
Charac_teristics of pitching profiles and corresponding data 
acquisition para.1netcrs 
N·VQUi·ST ---···· . ·-· - ..... 
FREQUENCY 
1 1 .9 
1 7.86 
23.81 
35. 71 
67.57 
1 00 
1 1 .9 
. 1 7.86 
23.81 
1 7.86 
31 .25 
41 .67 
.. 
. • ..... 
• 
• 
A PITCH .RATE REYNOLDS NUMBER 
N-0 PITCH RATE (RAD/SEC) 
• 
A = 0.025 0.05 24000 
0.075 36000 
• 
A = 0.05 0 .1 24000 
0.15 36000 
• A=0.15 · 0.3 24000 
0.45 36000 
Table 2: Schedule of pitching rate and Reynolds number con1bination
s for 
various non-dimensional pitching rates 
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